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Toward a Periodic, Water-Soluble 3D Porous Organic Polymer: 
Enhanced Visible Light-Driven Hydrogen Production 
Zhong-Zheng Gao,[a] Ze-Kun Wang,[a] Lei Wei,[b] Jia Tian,[a] Hui Wang,[a] Dan-Wei Zhang,[a] Yue-Biao 
Zhang,[b] Yi Liu,*[c] and Zhan-Ting Li*[a]
Abstract: Although in the last decade important advances have been 
made for the construction of 2D polymers, the synthesis of highly 
ordered 3D porous organic polymers remains a challenge. We herein 
report the synthesis of a 3D regular porous organic polymer (POP-
reg) through cucurbit[8]uril encapsulation-controlled [2 + 2] 
photodimerization of styrylpyridinium in water from a periodic 
supramolecular organic framework formed by a tetraphenylmethane-
based octacationic building block and cucurbit[8]uril. Synchrotron X-
ray scattering and diffraction analyses reveal that POP-reg exhibits 
porosity periodicity, with a channel diameter of 2.3 nm, in both water 
and the solid state. POP-reg can enrich [Ru(bpy)3]2+-based 
photosensitizers and redox-active polyoxometalates (POMs) in water, 
leads to remarkable enhancement of their photocatalytic activity for 
the reduction of protons to H2. Compared with that with an irregular 
POP, the turnover number (TON) of the evolution of H2 realized by 
POP-reg can be increased by 300%. 
Introduction 
Porous polymers have attracted the interest of chemists for 
decades due to their versatile functions and applications.[1] 
Precise control of the porosity regularity is crucially important for, 
such as, selective gas separation, enhanced guest uptake and 
release, and controlled guest orientation and functionalization. In 
the past decade, considerable efforts have been devoted to the 
synthesis of 2D polymers.[2,3] In particular, several cross-linking 
reactions in molecular crystals have been developed for the 
preparation of a number of 2D rigid polymers that exhibit long-
range periodicity.[3] The last decade also witnessed great 
successes for the applications of dynamic covalent bonds for the 
generation of crystalline covalent organic frameworks.[4] However, 
in the broad category of conventional irreversible covalent 
polymerization, to the best of our knowledge, currently there are 
no efficient methodologies that can realize the periodic backbone 
arrangement of organic polymers in the 3D space. Typically, this 
kind of polymerization reactions produce amorphous polymers, 
which have been referred to as porous organic polymers,[5] porous 
organic frameworks (POFs),[6] porous aromatic frameworks,[7] 
polymers of intrinsic microporosity,[8] or other related polymers.[9] 
 
Figure 1. a) Compounds M1 and T1, and b) the crystal structure (CCDC no.: 
1951214) of the 2:1 complex formed by M1 and CB[8], viewed from the side and 
top of CB[8], respectively. 
We[10] and other groups[11] have recently developed the self-
assembly strategy for the construction of periodic supramolecular 
organic frameworks (SOFs) or related structures through 
hydrophobically driven encapsulation of cucurbit[8]uril (CB[8]) for 
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homodimers of rationally designed multitopic aromatic building 
blocks in water.[12] Among others,[13] several water-soluble 3D 
SOFs have been used to create new photocatalytic systems.[14] 
Here we demonstrate that, through the [2 + 2] photodimerization 
of the styrylpyridinium unit, a 3D SOF can be utilized as a 
template to direct the synthesis of a water-soluble porous organic 
polymer POP-reg that exhibits long-range periodicity or regularity. 
We further show that this POP periodicity can remarkably 
enhance the activity of photocatalytic systems formed by included 
Ru2+-complex photosensitizers and redox-active 
polyoxometalates, which leads to 300% increase of the turnover 
number (TON) of H2 evolution from the reduction of protons. 
Results and Discussion 
The [2 + 2] photodimerization of 1,2-disubstitued ethylenes is 
useful for the formation of various polymers,[15] and CB[8] 
encapsulation remarkably accelerates this reaction.[11f,16] We 
prepared compound M1 (Figure 1) to study its binding with CB[8]. 
The X-ray crystal structure analysis revealed that CB[8] 
encapsulates two molecules of M1 (Figure 1), with the two 4-
vinylpyridinium units stacking in an anti-parallel manner in the 
cavity of the macrocycle. This binding motif is ideal for the 
construction of 3D covalent networks from multitopic building 
blocks.[10] We then prepared tetrahedral molecule T1 (Figure 1) 
and studied its co-assembly with CB[8] for the formation of a new 
reactive 3D SOF. As an octacationic salt, T1 was highly water-
soluble (>10 mM), which is prerequisite for the formation of water-
soluble SOFs with CB[8] of low water-solubility.[17] It was found 
that, through the interaction with T1, the solubility of CB[8] in water 
could be increased from <0.01 mM to as high as 4.0 mM. 
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Figure 2. DLS profile of T1 and POP-reg in water at 25 C. The concentration 
indicated for POP-reg represents that of T1 of SOF-s for the preparation of the 
polymers. 
Previously we have reported the self-assembly of several 3D 
SOFs.[13,14] We envisioned that the co-assembly of T1 and CB[8] 
should give rise to a similar system, which we characterized using 
the established methods. In brief, 1H NMR titration experiments in 
D2O indicated that the ethylene units of T1 were encapsulated in  
 
Figure 3. The formation of POP-reg from SOF-s through CB[8] encapsulation-
controlled [2 + 2] photodimerization of the ethene units of T1 in water. The 
space-filling structural models were obtained using Materials Studio 7.0. [19] 
the cavity of CB[8] (Figures S1 and S2), while fluorescence and 
absorption experiments supported their 1:2 stoichiometry and the 
2:1 binding pattern between the styryl units of T1 and CB[8] 
(Figures S3-S5). The apparent association constant (Ka) of their 
2:1 complex was determined by the isothermal calorimetric 
titrations (Figure S6a) to be 7.7 (0.0008)  1012 M-2. The related 
H and −TS were −7.9(0.25) and −5.2 kcal/mol, respectively, 
indicating that the binding was both enthalpy- and entropy-driven. 
The Ka was substantially larger than that (1.1 (0.047)  1011 M-2) 
of the 2:1 complex formed by M1 and CB[8] (Figure S6b), 
reflecting the multivalence of the binding of T1 with CB[8].[18] 
Dynamic light scattering (DLS) experiments for the 1:2 solution of 
T1 and CB[8] in water revealed the formation of nano-scaled 
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assemblies (Figure S7). At [T1] = 4.0 mM, the hydrodynamic 
diameter (DH) was determined to be 220 nm. The DH value 
decreased with the dilution of the solution. However, even at [T1] 
= 15 M, DH was still as high as 14 nm. In contrast, at 4.0 mM, T1 
formed much smaller entities (DH = 6.5 nm) (Figure 2) due to 
intermolecular stacking. All these observations pointed to that, 
similar to the reported prototype,[15a] styrene-derived T1 and CB[8] 
co-assembled in water into a new 3D supramolecular organic 
framework (SOF-s, Figure 3). 
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Figure 4. a) Solution-phase synchrotron SAXS profile of SOF-s ([T1] = 4.0 mM) 
in water, b) solution-phase synchrotron SAXS profile of POP-reg ([T1] = 4.0 
mM) in water, c) synchrotron SAXS profile of SOF-s microcrystals (inset: 2D 
profile), d) synchrotron SAXS profile of POP-reg microcrystals (inset: 2D profile). 
The synchrotron small-angle X-ray scattering (SAXS) profile of 
SOF-s ([T1] = 4.0 mM) in water gave rise to a broad, but 
conspicuous peak centered around 1.9 nm (Figure 4a). This d-
spacing can be assigned to the {222} of SOF-s model. The 
broadness of the peak reasonably reflected the dynamic nature of 
the self-assembled framework in solution. Slow evaporation of the 
above solution at room temperature produced microcrystals. 
Synchrotron SAXS profile of the microcrystals displayed one 
sharp peak centered at 1.8 nm (Figure 4c), which was also 
reflected on the 2D profile (Figure 4c, inset). This peak matched 
with the calculated {311} spacing (1.7 nm). All the experiments, 
joining together, provided consistent evidences to support that 
SOF-s possessed periodicity in both solution and solid states. 
Thermogravimetric analysis showed that SOF-s was stable up to 
360 C (Figure S8a). 
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Figure 5. The UV−vis absorption spectrum of SOF-s, POP-reg, T1 and POP-
irreg in water at 25 C ([T1] = 10 M). 
1H NMR spectra in D2O showed that SOF-s was stable at room 
temperature. However, upon visible light irradiation, the ethylene 
units of its T1 molecules readily underwent [2 + 2] 
photodimerization to afford new homogeneous porous organic 
polymer POP-reg (Figure 3). The photodimerization was 
completed after about 4 hours, as indicated by 1H NMR spectrum, 
which revealed the vanishing of their diagnostic H-a and H-b 
signals (Figure S9). UV−vis absorption experiments further 
confirmed this photodimerization process. Upon irradiation, the 
absorption band of the styrene-incorporated conjugated aromatic 
arms, which centered around 368 nm, weakened quickly during 
the first ten minutes and then further decreased slowly and finally 
vanished, which lasted about 8 hours (Figures 5 and S10). 
Accompanied with the weakening of the band around 368 nm, an 
absorption band centered at 308 nm was generated, which could 
be assigned to the 4-phenylpyridinium units, the remaining largest 
conjugated moieties of the resulting POP-reg. By comparing the 
absorbance at 368 nm before and after the irradiation, we could 
determine the yield of the photodimerization to be >99%. 
Irradiation also caused the emission of SOF-s around 500 nm to 
disappear completely and the resulting POP-reg gave rise to a 
strong emission around 450 nm (Figure S11). After the 
photodimerization, the resulting polymer POP-reg was still 
soluble in water at the studied highest concentration ([T1] = 4.0 
mM). DLS revealed that this POP-reg had a DH of 165 nm, which 
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was notably smaller than that (220 nm) of the corresponding 
precursor SOF-s of the identical concentration. This reduction 
might partially reflect the contracted aperture (2.3 nm) of POP-reg 
as compared with that of the SOF-s (3.5 nm) (Figure 3). The DH 
value of POP-reg decreased with the decrease of the 
concentration (Figures 2 and S12), indicating that the larger 
polymeric particles were formed through the aggregation of 
smaller ones. 
Synchrotron SAXS profile of the solution of POP-reg ([T1] = 4.0 
mM) in water gave rise to a broad, but discernible peak centered 
around 2.0 nm (Figure 4b), which matched with the {113} spacing 
(2.1 nm) obtained for the modelled structure. Slow evaporation of 
the above solution afforded microcrystals of POP-reg. Their 
synchrotron SAXS profile gave one sharp peak centered at 1.5 
nm (Figure 4d), which was also displayed on the 2D profile (Figure 
4e, inset). This peak matched with the calculated spacing (1.5 nm) 
of the {400} spacing of the modelled structure. The synchrotron 
XRD profile of the microcrystals exhibited two broad, but 
distinguishable peaks around 0.8 and 1.5 nm (Figure S13), 
respectively, which could be assigned to the {262} and {400} 
spacings of the modelled structure. All these results supported 
that POP-reg possessed regularity or periodicity in solution as 
well as the solid state. Thermogravimetric analysis showed that 
the stability of this periodic porous polymer was comparable to 
that of SOF-s (Figure S8b). The formation of microcrystals by 
SOF-s and POF-reg was also confirmed by transmission electron 
microscope (TEM) with the selected area electron diffraction 
(SAED) (Figure S14), which showed their electron diffraction 
patterns both in 112 zone. The SAED pattern pointed to the {-440} 
lattice spacing (1.4 nm), and the {22-2} lattice spacing (2.0 nm) of 
SOF-s. Similarly, the SAED pattern of POP-reg, which showed 
the {-440} and {22-2} lattice spacings (1.0 nm and 1.3 nm). The 
results further supported the crystallinity and regularity of the two 
frameworks. Elemental mapping analysis for the microcrystals of 
SOF-s and POP-reg also confirmed the compositions of the C, N, 
O and Cl elements (Figures S15 and S16).  
Vapor adsorption isotherms of ethanol and water were 
collected on SOF-s, POP-reg and POP-irreg at 283 K (Figure 6). 
Although the uptake patterns were a little different, all the three 
polymers displayed important adsorption ability for either of the 
solvents, as observed for reported crystalline covalent organic 
frameworks.[20] The pore volume calculated from the uptake of the 
two solvents was very close, supporting that the backbones of the 
polymer maintained the rigidity with no deformation. In contrast, 
both SOF-s and POP-irreg gave rise to different values with the 
two solvents. For SOF-s, this difference may be rationalized by 
considering different levels of the sliding of the styrylpyridinium 
units encapsulated in the CB[8] cavity upon solvent uptake. For 
POP-irreg, we tentatively attributed the difference to different 
levels of deformation of the backbones caused by solvent uptake. 
To reveal the role of CB[8] for the formation of the regularity of 
POP-reg, we further investigated the [2 + 2] photodimerization of 
T1 in water. 1H NMR spectrum in D2O showed that, without 
additional irradiation, T1 was stable at room temperature. Upon 
visible light irradiation, T1 also underwent the photodimerization 
reaction to afford irregular porous organic polymer POP-irreg. 
Irradiating the solution for 4 hours caused the absorption band, 
centered at 362 nm, of the peripheral styrene-incorporated 
conjugated units of T1 to disappear completely (Figures 5 and 
S17), which indicated that the photodimerization took place 
quantitatively. Moreover, at [T1] = 4.0 mM, no precipitate was 
observed after the photodimerization. DLS experiment for the 
solution of the resulting POP-irreg ([T1] = 4.0 mM) in water 
afforded a DH value of 164 nm (Figure S18). The DH also became 
smaller with the dilution of the solution, which again indicated that 
the larger particles were generated via the aggregation of smaller 
polymeric particles. Thermogravimetric analysis showed that the 
polymer was stable up to 280 C (Figure S8b). As expected, no 
peaks were observed in the SAXS or XRD profile of POP-irreg in 
solution or the solid state, reflecting the irregularity of its polymeric 
backbone. Heating the solution of POP-reg and POP-irreg in 
water at 100 °C for 24 hours did not cause decomposition of their 
cyclobutane units.  
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Figure 6. a) EtOH and b) water vapor adsorption isotherms of polymers SOF-
s, POP-reg and POP-irreg at 283 K.  
Structural modelling revealed that SOF-s and POP-reg had a 
3D framework that resembles that of diamond net. Their void 
volumes were calculated to be 90% and 88%, respectively, 
whereas the apertures, defined by the six CB[8] rings that 
produced a cyclohexane-like chair conformation, was calculated 
to be 3.5 and 2.3 nm (Figure 3), respectively. Their inclusion 
ability for ruthenium-complex photosensitizers (Ru(BDC)3]4−, as 
K+ salt, and Ru(BPY)2(BDC)) (Figure 1) and redox-active POM 
catalysts (Wells–Dawson-type [K6P2W18O62] (WD-POM) and 
Keggin-type Na3PW12O40 (K1-POM)) in water was investigated 
using the fluorescence spectroscopy. All the four species or their 
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mixtures (molar ratio: 10:1) remarkably quenched the 
fluorescence of the two polymers (Figures S19-S30). Since visible 
light irradiation led to rapid photodimerization of SOF-s to form 
POP-reg, which made it impossible to differentiate the role of 
SOF-s and POP-reg, we mainly studied the capacity of POP-reg 
and POP-irreg in improving the photocatalytic efficiency of this 
Ru2+-POM system for the reduction of protons to H2.  
H2 evolution reactions were then conducted in an acidic 
aqueous solution (pH = 1.8) of POP-reg and POP-irreg, with 
[Ru(BDC)3]4- as photosensitizer, WD-POM as catalyst, and MeOH 
as sacrificial electron donor.[21] DLS experiments revealed that, in 
this medium, the two polymers maintained the nano-scaled 
structures (Figures S31-S33). For all the studied reactions, the 
molar ratio of the Ru2+-complex photosensitizer and the POM 
catalyst was fixed as 10:1, which was established ideal for proton 
reduction in an earlier study.[14b] We first studied the photocatalytic 
evolution of H2 in the above solution that contained K4Ru(BDC)3 
(20 M) and WD-POM (2 M) in the presence or absence of POP-
reg or POP-irreg ([T1] = 0.1 mM) (Figure S34). In the absence of 
either of the polymers, the evolution of H2 could be observed and 
after 60 hours of irradiation, TON, defined as n(1/2H2)/n(POM), of 
67 was obtained. However, in the presence of POP-reg, TON 
could reach 588, about 8 times that of the above control reaction. 
This result clearly supported the nanoconfinement effect of POP-
reg for simultaneous enrichment of the photosensitizers and 
catalysts.[14b] In contrast, compared with that of the control 
reaction, TON obtained in the presence of POP-irreg was only 
about 2 times that of the control reaction. Thus, regular POP-reg 
was considerably more efficient than POP-irreg, which may be 
rationalized by considering that regular pores of POP-reg favored 
the enrichment of the photosensitizers and catalysts by creating 
the maximal 3D space as well as avoiding the aggregation of the 
backbones to facilitate the electron transfer from the photo-
initiated triplet of the photosensitizers to the POM catalysts.[14b] It 
was expected that, without this enrichment effect, electrostatic 
repulsion would occur between anionic [Ru(BDC)3]4− and WD-
POM to decrease this electron transfer process. Under the same 
conditions, the reaction in the presence of SOF-s afforded TON 
of 475 after 60 hours of irradiation. This value is lower than that 
(588) of POP-reg. Considering that irradiation caused most of 
SOF-s to rapidly convert to POP-reg, it is reasonable to propose 
that, in the late period of irradiation, it was mainly POP-reg that 
enriched that photosensitizer and catalyst molecules. Thus, this 
result should support that SOF-s was also less efficient than POP-
reg in promoting the evolution of H2. In the absence of the 
polymers, no generation of H2 was observed at [WD-POM]  0.5 
M. However, in the presence of POP-reg, even at [WD-POM] = 
0.2 M, the generation of H2 took place readily and TON of 528 
could be realized after 22 hours of irradiation, which was also 
significantly higher than that (170) obtained with POP-irreg. 
TON values for the photocatalytic H2 production were then 
obtained for different combinations of the sensitizers and 
catalysts under the identical conditions (Figure 7a). For the six 
studied combinations, compared with the control, POP-reg and 
POP-irreg caused 5.9-8.8 and 2.0-2.8-fold increase of TON, 
respectively, obtained after 22 hours of irradiation. All the results 
supported obviously enhanced ability of regular POP-reg as 
compared with the irregular analogue. For all the catalytic 
systems, evolution of H2 could last for a long time. For the 
combination of [Ru(BDC)3]4− and WD-POM, the time was about 
60 hours. Further elongating the irradiation could not lead to 
observable amount of H2. However, after being left to stand for 
about 12 hours, without adding new polymer, photosensitizer or 
POM catalyst, irradiating the solution could bring about the 
generation of H2 again. After repeating for 10 times, the system 
could still exhibit a considerable catalytic activity (Figure 7b). DLS 
profile of the solution after repeated use for 10 times afforded a 
DH of 64 nm, which was comparable to that (65 nm) of the 
originally prepared solution, indicating that the polymer could 
survive after repeated irradiation. POP-irreg-mediated catalytic 
system could also be used recyclably (Figure 7b), but the catalytic 
activity was consistently lower, and TON obtained in POP-reg 
solution was 3.1-4.0 times that of the POP-irreg of the same 
recycling turn, again reflecting the importance of the regularity of 
POP-reg in enhancing the catalytic activity. In the absence of 
POP-reg or POP-irreg, irradiating the solution also resulted in the 
evolution of H2, which lasted about 45 hours. However, after 
standing overnight, further irradiating the solution could not cause 
the evolution of H2. These results indicate that the inclusion of the 
photosensitizer and catalyst into POP-reg could improve their 
stability. 
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Figure 7. a) TON values in the  solution of H2O (pH = 1.8, with HCl) and MeOH 
(4:1, v/v) containing different photosensitizer (20 M) and POM catalyst (2.0 
M) in the absence or presence of POP-irreg or POP-reg ([T1] = 0.1 mM, K2-
POM = K4W12[SiO4]O36, and b) TON versus recycling times. The reactions were 
conducted in acidic (pH = 1.8, with HCl) solution of H2O and MeOH (4:1, v/v) 
that contained K4Ru(BDC)3 (20 M) and K1-POM (2.0 M) in the presence of 
POP-irreg or POP-reg ([T1] = 0.1 mM). Irradiation time = 22 h. 
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Conclusion 
In summary, by making use of the covalent locking of a new 
periodic supramolecular organic framework, we have realized the 
construction of a porous organic framework that possesses 
periodic porosity in both solution and the solid state. The new 
ordered porous conjugated polymer exhibits strong inclusion 
ability for ruthenium complex photosensitizers and redox-active 
polyoxometalate catalysts of very low concentration. The 
inclusion leads to important enrichment effect that, as compared 
with an irregular system, significantly enhances electron transfer 
from photo-initiated Ru2+-complex sensitizer triplet species to the 
POM catalysts and consequently photocatalytic reduction of 
protons into hydrogen. The result represents the first step for the 
synthesis of three-dimensional regular, rigid polymeric 
frameworks using this “conventional” synthetic strategy of 
generating non-dynamic covalent bonding. The methodology 
should open new opportunities for the construction of 2D and 3D 
regular POFs of different topology.  
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